Purpose The aim of this study is to evaluate the safety and efficacy of percutaneous treatment of biliary strictures after paediatric liver transplantation. Materials and methods In the period between October 1999 and October 2010, a total of 92 transplants in 86 children were performed at our Liver Transplant Centre. Eighteen patients had anastomotic biliary strictures (in four cases associated with intrahepatic bile duct stenosis). Percutaneous treatment (transhepatic biliary drainage and conventional/cutting balloon dilatation) was proposed as a first approach in 13/18 patients. Strict radiation protection precautions were taken in accordance with the ALARA (as low as reasonably achievable) principle. Mean follow-up time was 2,364 days. Results Surgical correction was required in 3/13 patients; in 8/13 cases, there was complete disappearance of clinical symptoms without bile duct dilatation; in one case, an asymptomatic persistent bile duct dilatation was detected while in the other case, the liver is currently in cirrhotic degeneration (69 % clinical success including the asymptomatic patient with biliary dilatation). Two of the five patients who were initially treated with surgery required percutaneous revision (clinical success of 100 %). There were two cases of long-term restenosis and two cases of transient haemobilia.
Introduction
Liver transplantation (LT) represents the treatment of choice for paediatric patients with congenital metabolic liver disease, acute hepatic failure, early-stage malignancy and cirrhosis [1] .
Despite refinements of surgical techniques, biliary complications are one of the most relevant follow-up issues of paediatric LT and they still remain a major challenge. The reported incidence of complications is 10-30 % of paediatric LT [2] . The most common complications are bile leaks and strictures which can cause post-transplant morbidity, graft loss and death.
In recent years, treatment modalities have changed towards primarily nonsurgical approaches, leaving the surgical option for lesions which are not otherwise curable. Interventional radiology (IR) is therefore increasingly considered the first-line option for biliary stenosis, and both ischaemic (usually nonanastomotic and probably due to arterial insufficiency) and fibrotic (usually anastomotic and secondary to scar tissue causing retraction of the common bile duct) obstructions can be treated [3] .
Nevertheless, no prospective or randomised studies have been published that investigate the safety and the efficacy of IR. The aim of this study was to retrospectively review our series in order to evaluate the safety and the efficacy of IR in the treatment of biliary strictures in a long-term perspective, describing and evaluating the use of cutting balloon in eccentric and resistant stenosis.
Materials and methods

Patients
In the period between October 1999 and October 2010, a total of 92 liver transplantations in 86 children (40 male and 46 female; mean age, 4.97 years; age range 0.37-17.41; mean weight, 18.36 kg; weight range 4.7-58 kg) were performed at the Liver Transplantation Centre of our institution. The indications for LT of the patients who subsequently developed one (or more) biliary stricture are listed in Table 1 .
Globally, there were 26 biliary complications (28.3 % of all LT): 18 stenosis and 8 leaks. Biliary stenosis was diagnosed in six whole-graft (33.3 %), seven split-liver (38.8 %), three reduced-graft (16.7 %) and two livingrelated liver transplantations (LRLT) (11.2 %). The biliodigestive anastomosis was involved in all cases, and the intrahepatic bile ducts were also involved in four cases. Mean time to onset of the stricture was 463.3 days; in one case, the stenosis was due to previous surgical treatment of a bile leak. As for ischaemic (or nonischaemic) aetiology, all intra-hepatic stenoses (four patients) were ischaemic, as were six of the extrahepatic strictures (four of them were associated with intrahepatic stenoses).
The study of the hepatic artery was always performed with ultrasound (US) examination as a first approach; in order to avoid radiation exposure, computed tomography (CT) angiography was performed only in cases requiring a preoperative assessment.
A diagnosis of biliary stenosis was established in one case on the basis of US and magnetic resonance (MR) cholangiography demonstration of bile duct dilation without clinical symptoms, in eight cases based on cholangitis (including one case of severe sepsis) and in the remaining nine cases based on increased cholestasis on routine laboratory tests.
Bile leaks were never treated percutaneously, whereas 13/18 biliary strictures underwent percutaneous treatment (13 patients). The other 5/18 patients, after multidisciplinary assessment, underwent surgery: two of them because of a concomitant vascular problem at the anastomosis level (one arterial and one portal anastomosis); another two cases because the stenosis was considered not passable at percutaneous transhepatic cholangiography (PTC) and therefore no percutaneous attempts were made; in one case, one of the two ducts of the split liver was occluded during procurement and missed during transplantation.
Anaesthesia, deep sedation and antibiotic coverage Anaesthesia and deep sedation were always performed by experienced staff; patients younger than 4 years were generally intubated and sedated in the operating room and then transported to the angiographic suite. Sedoanalgesia was maintained with sufentanil and midazolam or propofol continuous infusion. Postoperatively, acetaminophen and codeine could be given by endorectal administration.
Patients aged more than 4 years were maintained with spontaneous breathing and sedated with midazolam and fentanyl. Strict monitoring of vital parameters with pressure measurement, heart rhythm (ECG) evaluation and arterial oxygen saturation determination was carried out throughout the procedure and in the hours following the radiological treatment.
As for antibiotic coverage, third generation cephalosporins were routinely administered, according to the weight of the patients, within 1 h before the procedure and for the following 7 days.
Radiation protection
In accordance with the ALARA (as low as reasonably achievable) principle of optimisation, the following radiation protection measures were taken: US guidance whenever possible, use of pulsed fluoroscopy with intervals as large as possible; thin collimation, use of the last image hold instead of exposures; reduced kV and mA (68 kV and 1.5 mA), use of leaded protection for the portions of the body out of the operative area. The same precautions were also used in the following assessments, where, in any case, few seconds of radiation exposure were needed.
Procedural technique
At our department, the percutaneous treatment of biliary complications in paediatric LT is performed in two interventional suites, equipped with Multi-Diagnost III Philips (Philips Medical Systems, Best, Netherlands) and Allura Xper FD 20 Philips, respectively. The suites are also equipped with a My Lab 25Gold Esaote system (Esaote SpA, Genoa, Italy). The puncture of a peripheral bile duct was always performed under US guidance. In patients who had received a whole graft, percutaneous access was chosen on the right side next to the midaxillary line, while the epigastric approach was preferred in patients with reduced-or splitliver grafts or LRLT.
In order to catheterise the biliary tree, a biliary access coaxial introducer system (PBN Medicals, Stenolse, Denmark) was inserted into the bile duct under US and fluoroscopic guidance. To cross the biliary strictures, a 35 in. hydrophilic guidewire or a 14 in. hydrophilic microcatheter rail (Fig. 1a, b ) was used. Once the stenosis was crossed (Fig. 1c) , balloon catheters were used to dilate the narrowed segment. Diameters varied from 5 to 10 mm (Abbott Laboratories, Illinois, USA), according to the age of the patient and the size of the bile duct. In four cases (particularly resistant eccentric stenoses), especially where the previous dilatation with traditional balloon catheter failed to give a satisfactory result, cutting balloons were used (Boston Scientific, Marlborough, MA, USA) (Fig. 1d, e) . The cutting balloon was used both during the same procedure and in the subsequent session. Using the same protocol as described by Saad et al. [10] , the cutting balloon was inflated to 10 atm for 3-5 min. After that, it was deflated, rotated less than 90°and reinflated at the same site for another 3-5 min.
At the end of the procedures, an external-internal biliary drain was placed (4-7 Fr), and usually kept in place for 5-7 days. After this period, the result of the dilatation was checked by replacing the drain with an introducer sheath and performing cholangiography. If the dilation was satisfactory, the sheath and the angiographic guidewire were removed. Otherwise, the bilioplasty was repeated with a balloon catheter of slightly larger calibre or using a cutting balloon catheter. Subsequently, percutaneous transhepatic biliary drainage (PTBD) was repositioned for other 5-7 days.
Mean follow-up time was 2,364 days (range 928-4736 days).
Evaluation of results
We defined technical success as the ability to cross the stenosis and to perform the balloon dilation. Clinical success was considered the complete disappearance of symptoms in the presence of normal laboratory and US findings and absence of relevant stenosis at the last cholangiographic study.
Restenosis was diagnosed when, after removal of the biliary drain, clinical symptoms (jaundice, cholangitis) together with laboratory and radiological findings (US and MR cholangiography) led to suspect a biliary restenosis. This is consistent with the experience of other authors [1, 4] .
Results
In the 13 patients who underwent the percutaneous treatment as the initial approach, there was a 100 % (13/13) technical success. In three cases (23 %), early restenoses were promptly detected at the first cholangiographic study after multiple bilioplasty (Table 2) . Moreover, clinical symptoms and laboratory tests were consistent with the morphological findings. Therefore, the patients underwent surgery resulting in healing in one case, moderate cholestasis with persistence of biliary dilatation in one case and retransplantation in one case; in these patients the drainage was left in place so as to provide a bile duct landmark during surgery and a useful support for reconstruction of the anastomosis.
Ten out of 13 patients (77 %) underwent percutaneous treatments only: in 6/10 cases, a single session of bile duct balloon dilation was performed, in 2/10 patients two bile duct balloon dilations, in 1/10 patient three balloon dilations, while in 1/10 patients five sessions of balloon dilation were needed. In 8/13 patients (61.5 %), complete clinical success was achieved. In 1/13 patients (7.7 %), a clinically asymptomatic dilatation of the biliary tree is still present. The patient (1/13; 7.7 %) treated with five sessions of balloon dilation is currently, after 382 days of followup, in a condition of cirrhotic degeneration (positive biopsy for hepatic fibrosis).
Of the five patients who underwent surgery as a first approach, two (40 %) had a postsurgical stricture which needed percutaneous revision (a single session of balloon dilation): in these cases, a complete clinical success (100 %) was obtained.
Overall, the clinical success of IR (in the thirteen patients treated with the percutaneous approach as the first-line treatment) was 69.2 % (9/13 patients, including patients with asymptomatic biliary dilatation). The success of radiological procedures subsequent to surgical treatment was 100 % (2/2 patients). The treatments and outcomes of the 18 patients with biliary strictures are shown in Table 2 . Mean PTBD allocation time was 34 days. During follow-up, two patients after 571 and 2,070 days, respectively, had a restenosis which required percutaneous treatment (with the use of cutting balloon in one patient): these two patients are currently asymptomatic, with complete clinical success.
With the exception of two cases of transient haemobilia with spontaneous regression (both during cutting balloon procedures) which can be reported as minor complications, the procedures were not burdened by other minor or major complications.
Discussion
Biliary complications are one of the most important issues in the follow-up of paediatric LT. Their incidence varies, depending on reported series, from 10 to 30 % of transplants [2] , and the role of radiology in their diagnosis and treatment is becoming increasingly important [5] . Interventional radiology is an effective therapeutic option in the treatment of biliary complications (stenosis or bile leak) after liver transplantation in adults [6] . In paediatric transplantation, however, surgery is the treatment of choice for bile leaks [2] , but not for stenoses where it is burdened with high morbidity and mortality [1, 2] : therefore, percutaneous therapy can be considered an effective treatment option, according to the experience of many liver transplantation centres.
As noted by Miraglia et al., there are no prospective randomised studies on the management of biliary complications after liver transplantation. The results of the few available retrospective studies are shown in Table 3 .
Although this is a retrospective single-institution study, we had a mean follow-up of 2,364 days (79 months) longer than many other studies (Sunku et al. 54 months [7] ; 13 months in Miraglia et al. [1] and 24 months in Brun et al. [8] ).
In our experience, the clinical success of balloon dilatation was 68 % in patients treated with IR as first-line treatment; 100 % was the clinical success in those patients who had already undergone surgical revision. These results are similar to those reported in the literature review of Moreira et al. [4] , in Burke et al. [9] (where technical success varied from 67 to 85 %) and in other studies (Table 3) .
Moreover, although many series agree on a low complication rate [1, 7, 8] , Moreira et al. review [4] reported a higher rate of minor complications: 125 minor complications were reported (in this group, however, smaller events were included such as localised skin abscesses at the catheter insertion site, dislocations or partial obstruction of the drainage) in 64 patients. It is important to note, however, that these smaller events were not considered complications in other experiences, including ours; moreover, Moreira et al. [4] performed a very large number of percutaneous transhepatic cholangiography for diagnostic purposes only (Table 3) .
Our series, in accordance with other reports, confirms the safety of the percutaneous treatment: only two minor complications (two cases of transient haemobilia, 2/13 patients, 15.4 %) and no major complications were reported.
As for drainage infection, the number of infectious complications, as pointed out by Moreira et al. [4] , is proportional with the increased time of drain allocation. Therefore, the absence of infectious complications in our series can be explained not only with full adherence to aseptic measures but also with the short time of drain allocation: 34 days for our series, 122 days in Miraglia et al. [1] , and over 360 days in Moreira et al. [4] .
With a long-term follow-up, our series had only two cases of restenosis (successfully treated percutaneously). This result is better than in other series: for example, Sunku et al. report a restenosis rate of 66 %. It must be noted, however, that they considered success as the complete resolution of the stenosis after only one session of bilioplasty; even adopting this strict criterion our restenosis rate would have been 40 % (4/10 patients). One possible explanation can be found in the use, in selected cases, of the cutting balloon catheter. In the literature, Saad et al. [10] emphasised the effectiveness of the cutting balloon for anastomotic stenosis in adult patients after LT. Our experience confirms, for the first time, the effectiveness and safety of these cutting balloon catheters even in paediatric transplantation. In particular, the use of these balloons is useful in the dilatation of particularly resistant stenoses in which the traditional balloon catheter performs poorly, even reaching the maximum recommended pressure for the various types of catheters (12-20 atm) . In these cases, we consider it crucial to perform a ''preventive'' dilatation using a cutting balloon catether; then the anastomosis is reshaped with a traditional balloon catheter, 1-2 mm diameter higher than the previous one. Even more interesting is the use of these cutting balloon catheters in eccentric stenoses where traditional balloons tend to mainly dilate the nonfibrotic portion of the stenosis with good immediate results but with a constant tendency to ''elastic recoil'' restenosis. In these cases, the cutting balloon can shape also the fibrotic portion, making the result more permanent.
In a recently published editorial, De Ville [11] emphasises the radiological risks of paediatric patients undergoing interventional procedures or radiological examinations; he also emphasises the presence of papers reporting highly complex interventional procedures (as are these procedures) with excellent results in terms of efficacy but with little or no regard or data about the radiation protection issues. To our knowledge, our group has published the single article reported in the literature on the radiation protection of paediatric patients during percutaneous biliary procedures [12] . In this study, the average dose recorded during the procedures (which are part of this series) ranged from 0.9 to 1.5 mSv for each procedure [12] , about one-tenth of the mean dose in abdominal CT, according to De Ville [11] . Furthermore, our radiation protection measures were extremely restrictive in accordance with the ALARA (as low as reasonably achievable) principle of optimisation. They also substantially coincide with the safety campaign guidelines for radiation protection proposed in 2010 by the Seattle Children's Hospital and Boston Children's Hospital through the ''Image gently, step lightly'' campaign to raise awareness of radiation protection [13] . Furthermore, unlike other experiences such as that of Moreira et al. [4] , where fluoroscopic guidance only was used, our group used US guidance as far as possible.
Conclusion
Our experience confirms the feasibility, safety and efficacy of the percutaneous treatment of biliary strictures after paediatric liver transplantation. A reduced time of allocation of the drainage catheter after balloon dilatation decreases the risk of infectious complications; the use of a cutting balloon has an important role in limiting the risk of restenosis also in paediatric patients. In consideration of the patients' age and their need for repeated radiographic examinations over time, special attention must be paid to radiation safety, implementing strict criteria and all possible measures in order to maximise radiation safety during interventional procedures.
